The nucleotide sequence of a segment of the mtDNA molecule of Drosophila yakuba which contains the A+T-rich region and the small and large rRNA genes separated by the tRNA v gene has been determined. The 5' end of the small rRNA gene was located by SI protection analysis. In contrast to mammalian mtDNA, a tRNA gene was not found at the 5 1 end of the J). yakuba small rRNA gene. The small and large rRNA genes are 20.IX and 16.7Z G+C and contain only 789 and 1326 nucleotides. The 5' regions of the small rRNA gene (371 nucleotldes) and of the large rRNA gene (643 nucleotidea) are extremely low in G+C (14.61 and 9.5Z, respectively) and convincing sequence homologies between these regions and the corresponding regions of mouse mt-rRNA genes were found only for a few short segments. Nevertheless, the entire lengths of both of the J). yakuba mt-rRNA genes can be folded into secondary structures which are remarkably similar to secondary structures proposed for the rRNAs of mouse mtDNA. The replication origin-containing, A+T-rich region (1077 nucleotides; 92.8Z A+T), which lies between the tRNA 11^ gene and the small rRNA gene, lacks open reading frames greater than 123 nucleotides.
INTROD0CTION
We have shown that the mitochondrial DNA (mtDNA) molecule of Drosophila yakuba contains genes for two rRNAs, 22 tRNAs and 13 polypeptides (cytochrome c oxidase (CO) subunits I, II and III, ATPase subunit 6, Unidentified Reading Frames (URF) 1-6, 4L and A6L (ATPase 8)) (1) (2) (3) (4) (5) (6) . The genes found in the J).
yakuba mtDNAlmolecule are the same as those found in mammalian mtDNAs (7) (8) (9) (10) (11) (12) , but their relative order differs. We have reported the nucleotide sequences of all of the polypeptide and tRNA genes and portions of the rRNA genes.
In this paper we present a sequence of the J). yakuba mtDNA molecule that includes the two complete rRNA genes together with the replication origincontaining A+T-rich region. We show that in spite of their unusually small size and high A+T content the secondary structure potential of both of the J).
yakuba mt-rRNA genes is remarkably similar to the secondary structures which have been proposed for mouse mt-rRNAs (13) (14) .
MATERIALS AND METHODS
Details regarding preparation and identification of pBR322 and pBR325 clones of mtDNA from J). yakuba (Stock 2371.6, Ivory Coast), restriction enzyme digestions, electrophoresis, cloning of fragments Into M13mp8 or M13mp9, purification of single-stranded and double-stranded M13 DNAs and preparation of viral DNAs containing partial deletions of cloned restriction fragments of mtDNA are given or referred to in (1, 3) .
All DNA sequences were obtained from M13mp8-or M13mp9-cloned fragments by the extension-dideoxyribonucleotide termination procedure (15) using [a- 32 P]dATP (600 Ci/mmol; New England Nuclear) as described (1) . The sequencing strategies used are given in Fig. 1 .
Computer analyses of DNA sequences were carried out using the programs referred to in (3) .
Isolation of _D. yakuba RNA Frozen ovaries, obtained by dissection of approximately 300 flies (16) were thawed into 3 ml of 4 M guanidinium isothiocyanate, 5mM sodium citrate (pH 7.0) 0.1 M g-mercaptoethanol and 0.5Z sarkosyl and homogenized, and RNA was extracted using the hot phenol method described in (17, 18) . The resulting DNA was stored in sterile TE (10 mM Tris (pH 8.0) 1 mM EDTA) at -20°C until used.
SI hybridization-protection
We used SI hybridization-protection analysis (18, 19) to determine the location of the 5 1 end of the small rRNA gene. By deletion of the IK yakuba mtDNA Hindlll-C fragment contained in M13mp9, we produced a cloned fragment (X45-H2) which begins a short distance 3' to the FnuDII site in the small rRNA gene ( Fig. 2) and extends through the A+T-rich region to the Hlndlll site 166 nucleotides from the 5' end of the URF2 gene (1) . A radioactively ( P)-labeled complement to the X45-H2 mtDNA insert was made by extension synthesis using Klenow fragment and the M13 sequencing primer. The reaction product was cleaved with FnuDII (37°C for 20 min), FnuDII was inactivated by incubation at 65°C for 15 mln and an extension chase reaction using 0.5 mM dATP was carried out at 30°C for 15 nin.
Hybridization. To 10 ul of the final extension reaction product was added 100 ul of J). yakuba total RNA, 100 vl of yeast tRNA (100 mg), 2 V1 of sterile 3 M sodium acetate and 500 u1 of ethanol. The mixture was cooled to -70°C, centrifuged, and the precipitate lyophilized. A control was prepared by an identical procedure except that 100 ul of sterile TE was substituted for the J). yakuba RNA solution. To generate a sequence ladder extending from the FnuDII site, X45-H2 was sequenced using the Sanger method. To the reaction products was added 1 yl of FnuDII (1:2 dilution in water), and the mixtures were incubated at 37°C for 15
min. The products of all reactions were separated by electrophoresis using a 6Z acrylamide gel run at 1600 volts for 4 hrs.
O-R2kb Figure 1 . A map of the J). yakuba mtDNA molecule showing the relative locations of the A+T-rich region (cross-hatched), the two rRNA genes (dotted), the origin (0) and direction (R) of replication and EcoRI and Hindlll sites and fragments (A-E and A-F, respectively), (see (1) for details and references). The bar under the map indicates the segment sequenced. This segment is expanded below and the arrows beneath it show the extent and direction of individual sequences obtained, either from the ends of various restriction fragments or from deletion subfragraents of restriction fragments. The 5'-3' direction of the sequence of this segment shown in Fig.  2 is from left to right. 
RESULTS AND DISCUSSION
The mt-rRNA genes
The sequence of a continuous 3284 nucleotlde section of the J). yakuba mtDNA molecule, determined using the strategies summarized in Fig. 1 In order to define the 5' end of the _n. yakuba small rRNA gene, we have carried out SI hybridization-protection analysis. Consistent with the low G+C content, very few restriction sites occur in the general region of the J).
yakuba mtDNA molecule expected to contain the 5' end of the small rRNA gene.
We used an M13 clone (X45-H2) which contains a deletion fragment of the Hindi!I-C fragment of J). yakuba mtDNA, one end of which is located a short distance down8trean from a FnuDII site which in turn lies 600 nucleotides upstream from the 3' end of the small rRNA gene (Fig. 2) . (Fig. 4a-c) and sections 1 and 2 of the large rRNA genes (Fig. 5a and 5b) are the same as those given for the mouse and human genes in (13, 14) . Sections 3 (Fig. 5c)  and 2 (Fig. 5d) of the large rRNA genes are the combined sections 3 and 4, and 5 and 6, respectively, given for the mouse and human genes in (14) . Fig. 4b; nucleotides 371-372, I ).* yakuba; nucleotides 481-482, mouse) are 60.1Z homologous. This latter value includes 13 single and 1 quadruple insertion/deletions postulated between the two genes, but not the single section of 47 nucleotides of the mouse gene which is missing from the J). yakuba gene ( Fig. 4c ; open triangle between nucleotides 728 and 729 of the J). yakuba sequence). The broad arrows between nucleotides 40 and 41 (Fig. 4a) , and between nucleotides 286 and 287 (Fig. 4b) Fig. 5c ; nucleotides 644 through 649) of the J). yalcuba sequence and nucleotides 1 to 813 of the mouse sequence indicate regions of primary sequence horaology (given as a percentage next to each D_. yalcuba region) between the two genes. The sequences marked by directional arrows on the B. yakuba gene ( Fig. 5c and d ; nucleotides 644 to 910, and 1028 to the 3' end) are 67.8X and 67.9Z homologous respectively, to the corresponding sequences marked by directional arrows (nucleotides 814-1084, and 1238-1559) on the mouse gene. The value for the forner sequence includes four single and one double insertion/deletions postulated between the two sequences. The value for the latter sequence includes three single, one double and one quadruple insertion/deletions postulated between the two sequences, but not the sections of 17, 7 and 23 nucleotides of the mouse gene which are missing from the J). yakuba gene ( Fig. 5d ; open triangles between nucleotides 1292 and 1293, 1314 and 1315, and adjacent to the 3' terminus of the JK yakuba sequence). The lines marked e^ which accompany the J). yakuba and mouse sequences (Fig. 5d ) Indicate a segment of nine nucleotides in each sequence which are 100Z homologous and lie within a region (nucleotides 911-1027, J). yakuba; nucleotides 1085-1237, mouse) which shows little apparent primary sequence homology. In Fig. 5b , the broad arrow between nucleotides 433 and 434 of the J3. yakuba sequence indicates where in the mouse diagram a distinct complex 146 nucleotide stem and loop structure is inserted.
elle and non-organelle rRNAs which indicate that variation in size is accounted for by deletion/insertion of blocks of contiguous nucleotides (25) (26) (27) (28) (29) (30) .
Data obtained from primary sequence and secondary structure comparisons of rRNAs from a wide variety of organisms have been used to argue for the existence in vivo and for functional significance of different helices, loops and interhelical regions in models of rRNA structure (25, 28, 29) . It is clear from the present comparisons that most of the secondary structural features of the 0. yakuba and mouse mt-rRNA genes have been maintained in spite of extensive divergence in base composition of these genes, particularly in the 5' regions, in the lines which led from a common ancestor to the present day mouse and J). yakuba. This strongly supports an argument in favor of there being a distinct functional significance for each of the components which are conserved in the secondary structure models of the mouse and J). yakuba mt-rRNA genes.
A secondary structure model was proposed for only the 3' half of the mosquito large rRNA gene, based mainly on comparisons to E^. coll 23S RNA, as well as to mouse 16S mt-rRNA (23) . This model exhibits most of the major features of the corresponding portion of our secondary structure model of the J). yakuba large mt-rRNA gene, but differs In details of stem and loop structures, most notably those involving nucleotides 1120 to 1214 (Fig. 5d) .
The A+T-rich region
The sequence of 1077 nucleotides which separates the tRNA gene and the small rRNA gene (Fig. 2) has an A+T content of 92.SX and lacks open reading frames larger than 123 nucleotides. This sequence constitutes the major portion of the A+T-rich region of the J). yakuba mtDNA molecule which was originally identified by electron microscope studies (16, 20) .
Replication of the molecule has been shown to originate within the A+T- 
